Introduction
Deep drawability of sheet steels, which is represented by Lankford (r) value, is dominated mostly by crystallographic texture. A sharply developed ͗111͘//ND texture, i.e. g-fiber, is favorable for deep drawability. Industrially produced deep drawable mild interstitial atoms free (IF) sheet steels normally show mean r-values ranging from 1.4 to 2.7, in most cases. It may be possible to achieve a value of 3.0 when specific processing is applied, such as ferritic hot rolling followed by cold-rolling and annealing. 1) On the contrary, the present authors have found that the electro-deposited pure iron exhibits mean r-value of more than 7.
2)
The plastic anisotropy of fully annealed bcc metal is reasonably explained by the Taylor full constraints (FC) model, 3) which assumes the macroscopic strain tensor could be equal to the microscopic one. The Taylor relaxed constraints (RC) model 4) can somehow take into account the morphological anisotropy of microstructures such as the pancake-shaped grains in rolled material. Such morphological anisotropy might be considered to have a minor effect compared to the influence of the crystallographic anisotropy. The electro-deposited pure iron used in this study has an exceptionally sharp ͗111͘//ND fiber texture. Moreover, the fine grains elongated to ND characterize its microstructure. It has not been clarified yet whether this extraordinary r-value results from crystallographic anisotropy 5) or morphological anisotropy. The mechanism will be discussed in consideration of these two aspects.
Experimental Procedure
Electro-deposited pure iron sheets produced by Toho Zinc Co. Ltd. were used.
6) The materials have high purity (the representative chemical composition is listed in Table 1 .
Extremely sharp and isotropic g-fiber components characterize the texture of the mid-plane of the thickness in electro-deposited pure iron, as shown in Fig. 1 . An optical micrograph is shown in Fig. 2 . It is obvious that the microstructure consists of needle-shaped fine grains elongated in the ND.
Both surfaces of the electro-deposited pure iron sheets were mechanically removed, since its surface had a different microstructure and texture from those of the mid-plane. A specimen of 0.8 mm thick was employed for the tensile test. The JIS 13B and JIS5B (cf. Japanese Industrial Standards Z2241) tensile specimens were used to measure the rvalues and the other tensile properties, respectively. March 3, 2008 ) Electro-deposited pure iron having an extremely sharp ͗111͘//ND fiber texture has extraordinarily excellent deep drawability. The relaxed constraints models based on Taylor theory cannot predict such high r-values. This excellent deep drawability seems to arise not only from the sharp ͗111͘//ND texture but also significantly from the specific morphology of the microstructure, i.e. needle-shaped fine grains elongated in the normal direction.
KEY WORDS: electro-deposited pure iron; texture; deep-drawability; tensile properties; plastic anisotropy; Lankford value; crystal plasticity. after 10 % tensile deformation under the assumption of constant volume. In order to investigate the relationship between the r-value and the deep drawability, a cup drawing test, i.e. TZP test, 7) was carried out. The change in the relationship between the stroke and the force for both the first and second draw in the TZP test is described schematically in Fig. 3 . In this figure, P f has a certain correlation with the r-values, i.e. a higher r-value of the material results in higher P f . Furthermore, subtraction between P f and P m corresponds to deep drawability of the material. The experimental condition for the TZP used is listed in Table 2 . It is noteworthy that since a fracture did not occur even after the second deformation at the possible largest blank holding force (BHF), a piece of paper was inserted between the specimen and the blank holder in order to promote fracture by increasing in the friction between the specimen and the die.
Experimental Results
The tensile properties of the electro-deposited iron are shown in Table 3 . It is revealed that the r-value of the electro-deposited pure iron is 7.1 typically, which is extremely high compared to that of commercially produced deep drawable cold rolled and annealed sheet steels such as IF steels.
8) It should be noted that the local elongation, the subtraction of uniform elongation from total elongation, is significantly large, which may correspond to the high rvalue of this material.
In order to examine the credibility of this excellent rvalue, a cup drawing tests, the TZP test, was carried out. For TZP test, two different electro-deposited pure iron sheets were employed, one has r-value of 7.1 and another has 4.8. It is clear from Fig. 4 that the fracture stress derived from this experiment well agrees with the theoretically calculated value using the r-value according to Eq. (1) where s f is the fracture stress under plane strain, s u is the ultimate tensile stress provided from the uni-axial tensile test and n is the work hardening exponent.
Furthermore, T-values, which are defined by Eq. (2), of the electro-deposited pure iron are better than those of the conventional mild sheet steels, as represented in tionally high r-value.
Discussion
An analysis based on the Taylor theory was carried out to check whether some of the relaxation conditions would be likely to predict the very high r-value found in the electrodeposited pure iron. Software developed by Van Houtte 9) was employed in this calculation. x 1 and x 3 are defined as the tensile direction and ND, respectively, as shown in Fig.  6 . The direction x 2 is perpendicular to the other 2 directions.
The possible relaxation modes shown in Table 4 were assumed and corresponding r-values were calculated based on an RC model where a couple of sets of the slip systems were applied, as listed in Table 5 . In Fig. 7 , one of the relaxation modes, the pancake model, is schematically shown as an example. Here, it was assumed that the critical resolved shear stress for each slip system would be equivalent. The artificially generated ODFs shown in Fig. 8 , whose g-fiber intensity is different, were used for this calculation. In these calculations, the texture change due to tensile deformation was not taken into consideration.
Calculation based on the FC model gives rise to approximately 2.4 and 2.7 of the r-values where the starting texture is A and B in Fig. 8 , respectively, as shown in Table 6 . Based on this calculation, the extremely high r-values in electro-deposited pure iron found in this study are not well explained by the crystallographic texture. Next, analysis based on the various RC models using ODF-B in Fig. 6 was performed. Some of the relaxation modes lead to higher rvalues than those calculated by the FC model, as listed in Table 7 . However, these are not more than 3.2. Furthermore, even though the texture change during tensile deformation would be taken into account in these calculations, the very high r-values are supposed not to be realized. It will be mentioned later that ͗110͘ direction is intensified along the tensile direction due to tensile deformation. It has been already investigated that the r-value of a sharp homogeneous g-fiber texture is not so much different from that of a {111}͗110͘ strong texture.
12) Therefore, it is thought that the simple RC models do not rationalize the r-values of electro-deposited pure iron, indicating that the texture itself has only a minor effect on the r-values in the present case, whereas the specific microstructure consisting of needleshaped grains elongated in the ND might play an essential role. Simulation models 10, 11) that take the morphological ef- Table 4 . Relaxation modes applied to RC model. Table 5 . Slip systems applied to calculation. (2)) and r-value. Table 5 . The rectangular parallelepiped represents the initial grain shape prior to the defomation. fect into account are required. It can be speculated that reduction in thickness during the uni-axial tensile test might hardly occur, because of the needle-shaped fine grains elongated in the ND. In order to assess this possibility, the uni-axial compression test in the ND was carried out. Specimens of 0.8 mm thick and 10 mm square were employed. The relationship between the thickness reduction and compressive stress in a commercially produced Ti added IF steel and the electro-deposited pure iron is shown in Fig. 9 . It is clear from Fig. 9 that the compressive stress in electro-deposited pure iron is much larger than that in Ti added IF steel, especially at the early stage of compressive deformation, although the tensile strength is more or less the same in both materials. It is therefore considered that the very high r-value in the electro-deposited pure iron could stem from the anisotropy of the mechanical properties, which can lead to the difficulty in deformation along ND during the uni-axial tensile test.
Motegi et al. 13) have pointed out the possibility of grain boundary sliding (GBS) in electro-deposited iron, which can also result in a high r-value. It is considered that GBS tends to randomize the texture. Therefore, the texture after tensile deformation at 8 % nominal strain was measured. As shown in Fig. 10 , a sharp {111}͗110͘ texture, i.e. ͗110͘ direction is parallel to tensile direction, is formed after tensile deformation. Considering this fact, the GBS does not seem to take place greatly so that GBS cannot play an essential role in the very high r-values in electro-deposited pure iron.
Further investigations are required in future to reveal the mechanism of the extremely high r-value found in electrodeposited pure iron sheets.
Conclusions
(1) Electro-deposited pure iron sheets have an r-value higher than 7. The credibility of this high value is verified also by the TZP cup drawing test.
(2) Neither the FC model nor various RC models based on Taylor theory can predict extremely high r-values.
(3) The sharp g-fiber texture seems to have only a minor effect. The microstructure consisting of needleshaped grains elongated in the ND is considered to play an important role in the excellent r-value.
(4) Because of the needle-shaped fine grains elongated in the ND, reduction in thickness during the uni-axial tensile test might hardly occur, which could lead to the extremely high r-value. 
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